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Basal surface autoradiography of [3H]dThd-labeled, 
confluent, keratinocyte cultures reveals that prolifer-
ating cells have a nonrandom, patterned distribution . 
Unlabeled cells, likewise, appear nonrandomly in clus-
ters. We show here that failure to detect DNA synthesis 
in some basal cells in culture is not an artifact caused 
either by physical separation of the labeled nuclei from 
the radiographic emulsion or by a diffusion barrier that 
would prevent [3 H]dThd from reaching basal cells. 
A key assumption made in ma ny studies of epidermal kinetics 
a nd morphoge nes is is that basal cells a re proliferating o r po-
tentially proliferating ce lls. While the ex istence of proliferating 
suprabasa l cells has been the top ic of co nsiderable controversy 
a nd experimental a nalys is [1], t he ex istence of nonproli ferat in g 
basal ce ll s has not: basal cells that show no evidence of DNA 
sy nt hesis have often been ignored or judged to be stem cells 
[2- 5]. M oreover, so me investigators who study keratinocytes 
in cu lture assume not only that cell s in a basal location a re 
prolife rating or potentially prolife rating, but a lso t hat the abi l-
ity to attac h to a cul ture dis h a nd thereby acqui re a basal 
location ca n be used to operation ally define a proliferating cell 
[6] . These assumptions about basal cells a re so deeply in grained 
t hat the fa ilure to demonstrate inco rporation o f radioactive 
precursors in to DNA in some basal cells in cul t ure has been 
dismissed, wi t hout testing, as a co nsequence o f inadequate 
procedures [7,8] or of impaired diffus ion of the radioactive 
precursor [4]. If nondividing basal cell s a re not a technical 
a rLifacL, e lucidation of t he ir true nature and distribution may 
be crucia l fo r understanding epidermal kinetics and morpho-
ge nes is in vivo, in vitro, a nd in disease. W e recent ly noted t hat 
clusters of un labeled basal cells were a cha racteristic feature of 
co n!1uent, kin etically st eady-state keratinocyte cultures [9] . 
W e describe he re experiments designed to s how that clusters 
of unl abeled basa l cell s are not a technical artifact. We asked 
(1) whether physica l separation of "H -labeled nucle i from t he 
radiographic emuls ion either by ce ll s, by ine rt extracellul a r 
materia l, o r by art ifacts introduced during processing cou ld 
account for unl abeled basal cell s; (2) whether there was a 
diffus ion barrie r that prevented sma ll molecules in t he medium 
from reac hin g the nuclei of basal cell s; and (3) whether cluster -
ing was a random event or assoc iated with some other topo-
graphic features of the cultures. 
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MATERIALS AND METHODS 
Cell Culture 
Human neonatal foreskin keratinocytes were harvested and cultured 
in a humidified atmosphere of95% air; 5% C0 2 in 60-mm plastic dishes 
(Corning) in Dulbecco's modified eagle's medium (Gibco) containing 
20% fetal bovine serum (KC Biologicals), 0.4 l'g/ ml hydrocortisone 
(Sigma), 1 l'g/ ml gentam icin (Schering), and 2.5 l'g/ ml Amphotericin 
B (Gibco) as previously described [10] . Keratinocytes (2- 5 x 105) were 
seeded into 28-cm2 dishes contai ning 5 X 10" lethally irradiated 3T3 
fibrob lasts. Medium was changed twice each week, and as the epithelial 
sheet became con fluent (usually within 2- 3 weeks), the 3T3 cells were 
displaced from the dish. Cul tures were used 1- 3 weeks afte r becoming 
confluent for all experiments except where indicated. 
f" H) Thymidine La.behng 
Cultures were incubated for 24 h in 2 ml medium conta ining 20 I'Ci 
l"H]thymidine (New England Nuclear, act 2 Ci/ mM) and washed 5 
times with phosphate-buffered saline (PBS) at the end of the incuba-
tion period. 
Removal of Intact Epithelia. from. Culture Dishes 
Intact epithelia were recovered from culture dishes [llj after 15- 30 
min incubation at 37' C in PBS or complete medium contain ing 250 
l'g/ml dispase (Boehringer Mannheim). Segments of epithelium (3 X 3 
mm) were placed in a drop of liquified agar to facilitate orientation 
[12]. 
Autoradiography of Tissue Sections 
Epithelia we re embedded in plastic or released intact from dishes 
with dispase and embedded in paraffin . Sections were cut perpendicular 
to the basa l layer, at 0.5 I'm or 5 I'm, respectively, placed on glass 
slides, and coated with photographic emulsion [13]. 
Processing for BIUia.l Surface Autoradiography 
Cul tures were fixed in situ with buffered fo rmaldehyde: paraformal -
dehyde [14) for 30 min at 37' C, washed with 0.2 M sodium cacodylate, 
pH. 74, and postfixed with 1.0% OsO, in cacodylate for 20 min. After 
dehydration with increasing concentrations of ethanol, t he dishes were 
stained overnight in 1:1 ethanol:resin mixture at room temperature. 
This mixture was replaced with 8 ml of resin (components from 
Polyscicnces) consisting of (by volume): 34.4% dodecyl ·uccinic anhy-
dride; 48.7% Poly/Bed 812; 16.9% nadic methyl anhydride; and 1.5% 
t ri (d imethylaminomethyl) phenol. The plastic was cured for 24-72 h 
at 60' C. The epithelium, embedded in the resin , could t hen be cleanly 
separated from the culture dish while the plastic was still warm. The 
basal surface of the embedded epithelium was dipped in nuclear t rack 
emulsion (Kodak NTB2), allowed to dry while rest ing on edge, and 
stored for 2 weeks at 4'C [9) . The emulsion was developed using Kodak 
D19 for 6 min and Kodak fixer for 3 min. 
Ethidiu.m Bromide Staining and Fluorescence Microscopy 
Confluent cultures were exposed in situ to ethidium bromide (Sigma, 
0.1- 10 l'g/ml) for 15 min to 4 h at 37'C. Cultu res were washed 5 times 
in PBS including a final wash at 37' C for 15 min and the epithelium 
was removed from the dish with dispase as described above. Five-
micron sections, cut on a cryostat, were viewed and photographed using 
a Leitz flourescence microscope and a narrow band green (N) filter 
[15). 
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RESULTS 
T h e distribut ion of t hymidine- labeled keratinocytes was dis-
t inctiv e and depended on t he histo ry of t he cul ture. At the 
perip h ery of discrete co lonies in subconfluent cultures, a large 
p r opor tion of the cell s was intensely labeled, and labeled cells 
app eared to be randomly distributed (Fig 1a). In t he center of 
such colonies, a smaller proport ion of cells was labeled, individ-
u a l cells were less in tensely labeled t han were cells at t he 
perip h ery of the colon ies, and labeled cells were distributed in 
a more obviously nonrandom pattern . Once the nonrandom 
pattern was apprec iated, reexaminatio n of t he periphery of 
s u c h colonies revealed clusters of unlabeled cells surrounded by 
a cuff of labeled cells (Fig 1b). T his pattern of labeling was 
found even in cul tures pulsed for up to 48 h wi th (3H] thymidine 
a nd exposed to photograp hic emulsion for up to 6 weeks. 
In confluent cul tures, t he distribut ion of labeled cell s was 
distinctly nonra ndom and sometimes patterned (Fig l c) . No n-
ran d o m distribution means t hat there we re clusters in which 
most cell s were labeled adjacent to clusters in which no cells 
wer e la beled. Patterned, nonrandom distribut ion means t hat a 
h igh e r o rder grouping cou ld be imposed on t he labeled- unla-
beled grouping. The nonrandom distributio n of labeled cells in 
conflu ent cu lt ures became more apparent wit h t ime, especially 
in c ul t ures ini t iated wi th a high density of cells. One week after 
p lating 2 x 101; cells per 28 em~ dish (approximately 10 t imes 
t h e u s ua l seed density), t hymidine- labeled cells had a patterned 
distribution s imilar to t hat shown at t he periphery of the 
isolated colony in Fig 1a,b. At low magnification, t he distribu -
t io n looked random, bu t closer inspection revealed clusters of 
un labeled cell s surrounded by in tersecting rings of labeled cells. 
O n e to two weeks later, the pattern of intersecting rings of 
labele d cells was obli terated and replaced by larger domains of 
labele d and unlabeled cells similar to t hat shown in Fig 1c. 
Experiments were designed to answer whether physical or 
p h ys io logical factors of a t rivi al nature could account for clus-
ters of unlabeled cell s in cul tures examined after basal surface 
a u toradiography. 
C ult ivated keratinocytes t hat incorporated [3H]dThd were 
fo und in a primarily basa l location as prev iously described 
[16]; t hus DNA synthesizing nuclei could not have been sepa-
rated from the photograp hic emulsion by layers of cell s. The 
pred o minant ly basal location of labeled cells was con fi rmed by 
a u to r adiography of sections cut vert ica lly t hrough epi thelia t hat 
h a d been released in tact from the dish after labeling wit h [3HJ 
dThd (Fig 2) . Labeled nuclei in a suprabasal location were also 
seen , b ut these comprised less than 20% of all labeled cell s and 
usu a lly occurred in regions where a high proport ion of t he basal 
cell s was also labe led (Fig 2a) . Labeled nuclei were randomly 
distr ib uted in some sections (Fig 2a), but stretches of 15- 20 
u n labeled basal ce lls were found in sections from many other 
regio n s of an epi thelium (Fig 2b,c). In pa raffin sections of 
d ispase-released epi t helia, approx imately 40% of all basal cells 
we r e la beled afte r a 24- h pulse of t hymidine. If 60% of basal 
cells a re unlabe led , t hen t he probabili ty of finding 15 consecu-
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t ive, unlabeled cells is (6/ 10) 15 or 1/2128. T hus, it is unlikely 
t hat t hese runs of unlabeled cells are a chance occurrence. 
T here was no evidence that unlabeled cells had been sepa-
rated from t h.e photogra~hic emulsion by either a thickening of 
th~ basallamma, by a flULd bubble present under t he epithelium 
pnor to embeddmg, or by artifactual separation of t he emulsion 
from t~e plastic. Semithin sections were cut vert ica lly through 
epithelia that had been embedded in plastic in situ. In all 
sections the epit helium was flat and closely opposed to t he 
lower .s~rface of t he plastic block (Fig 2d) . Regions of epithelia, 
contammg clusters of labeled or unlabeled cells, were identified 
by basal surface autoradiography and semithin sections were 
cut ~ertica lly .through these regions. Autoradiography of t hese 
sectwns consistent ly showed fl attened, labeled basal cells in 
sections obtain~d from regions that had been labeled by basal 
surface autoradwgraphy, but no labeled cells in sections from 
regions t hat had been unlabeled by basal cell surface autora-
diography. 
Regiona l variat ions in epi t helia l thickness did not account 
for clusters of labeled or unlabeled cells. Epithelial thickness 
varied 2- t? 3-fold in plastic (Fig 2d) as well as paraffin-
embedded tissue. However, there was no discernible correlation 
between the t hickness of t he epithelium and the presence or 
absence of labeled cells. Clusters of unlabeled cells were fou nd 
in t hick as well as t hin regions of the epit helium. Similarly, 
clusters of labeled cells were found as often in t hick as in t hin 
re.gions of. t~e epithelium . T hickly stratified, epit helial ridges 
With a swirlmg pattern can be seen in confluent cul tures by 
phase contrast Jmcroscopy or when the epithelia are stained 
with osmium prior to embedding in plastic. While t hese ridaes 
often appe~red to dictate t he pattern of labeling, fi les of labeled 
cells were lined up along the ridges (Fig 3) just as often as fi les 
of unlabeled cells. Similarly, t he interridge regions were as 
likely to have clusters of labeled cells as clusters of unlabeled 
cells. 
The hypothesis that a di ffusion barrier prevented small mol-
ecules in t he medium from reaching t he basal layer was tested 
by incubating confluent cul tures with ethidium bromide. At the 
lowest concentration tested (0.1 llg/ ml ), cytoplasmic fluores-
cence was evident in basal cells after 15-min incubation and 
nuclear t1uorescence was accentuated by 30 min. At higher 
concentrations (1 llg/ml) , nuclear fluorescence was seen at t he 
shortest time tested (15 min) (Fig 4). All basal cell nuclei were 
fluorescent; any variabili ty in the intensity of flu orescence was 
unrelated to t he t hickness of t he epithelium. No fluorescence 
w~s o.bser~ed in cul tures lac king ethidium bromide or in pieces 
of epit helium added to t he dish during t he incubation with 
dispase. 
DiSCUSSION 
These experiments demonstrate t hat t he fa ilure to detect 
DNA synthes is in some basal cells in cult ure is not an artifact 
caused eit her by physical separation of t he labeled nuclei from 
the radiographic emulsion or by a diffusion barrier to small 
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FIG I. Basal surface autoradiography 
show~ nonrandom distribution of [3HJ 
thy1mdme-labeled keratinocytes in cul -
tures at diffe rent stages of growth and 
viewed wit h diffe rent opt ics. a, Colony 8 
days afte r subculture, brightfield, no 
OsO, fi xation, X 125. b, Colony 6 days 
afte r subculture, phase cont rast, no OsO, 
fi xation, X 500. Note t he annuli of la-
beled cells surrounding clusters of unla-
beled cells. c, Cul ture, 2 weeks past con· 
fluence, postfi xed wi th OsO, , brightfield, 
X 150. Some ce lls ( * ) have more heavily 
labeled nuclei than others (j). Unlabeled 
cells ( ~ ) a re seen only because of fa in t 
sta ining by OsO,. Bars = 50 pm . 
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FIG 2. Vertical sections through keratinocyte cultu res show (a) [3H] 
thymidine- labeled cells, mostly in basal location but some in suprabasal 
location; (b) single or (c) clusters of labeled cells (j) interrupt long 
stretches of unlabeled cells; (d) semithin section shows fl attened ap-
pearance of basal nuclei and variation in epithelial th ickness in cultures 
embedded in situ. a- c, Confluent cultures embedded in paraffin , sec-
tioned, and prepared fo r autoradiography as described in MateriaLs an.d 
Methods. H & E, X 500. d, Semithin section of culture embedded in 
plast ic and stained with methylene blue, X 2000. Bars= 50 I'm. 
FIG 3. Basal surface autoradiography shows labeled (i) and unla-
beled (.A) epithelial ridges as we ll as labeled (( )) and unlabeled ([ ]) 
in terridge regions. Culture was postfixed with OsO . ., brightfield, X 200. 
Bar = 50 I'm. 
molecules t hat wou ld prevent [3H]dThd from reaching the basal 
cells. 
Two physiological considerations, t hat have not been directly 
exam ined, might prevent autoradiograp hic detection of actively 
proliferating cell s. Large local differences in the endogenous 
poo l of nucleotide precursors could result in large local differ-
ences in t he effective specific activity of ["H]dThd. DNA 
syntheses by the nucleotide salvage pathway can play an im-
portant role in the epidermis [1 7] and it is presumed t hat 
sa lvaged t hymidine is derived from nuclear degeneration of 
term inally differentiating cells. Extensive local salvage might 
Vol. 84, No.6 
FIG 4. Fluorescence staining of stratified epithelia by ll'g/ ml ethid-
ium bromide. a, Frozen section of fresh fo resk in, stai ned after section-
ing to demonstrate pattern of nuclear flu orescence in stratified epithe-
lium, X 500. Arrowheads indicate region of basal lamina. b, Confluent 
keratinocyte culture stained for 15 min prior to removal from dish for 
sectioning. Bright staining of basal nuclei indicate that there is no 
barrier to diffusion of ethidium through epithelium, X 500. Bar = 50 
I'm. 
significantly lower t he specific act ivi ty of ['1H]dThd so t hat t he 
incorporation of ["H]dThd would be greatly reduced. This is an 
unlikely explanation for our results because labeled cells were 
seen under thick as often as t hin regions of t he epithelium and 
most active local salvage would be expected in regions of t he 
epit helium where statificat ion was t he greatest. A second a lter-
native explanation is t hat t he unlabeled clusters of cells syn-
t hesize DNA exclusively by the de novo pathway and, therefore, 
would not be detected by use of [3H]dThd as precursor. We 
considered this an unlikely explanation because others have 
reported t hat de novo synt hesis is undetectable in confluent 
human keratinocyte cultures ([18]; K. Albers, L. Taichman, 
personal communication). 
The observations presented here provoke two sets of ques-
tions. What is t he nature of basal keratinocytes that fa il to 
incorporate ['1H]dThd in cu lture and why do they occur in 
clusters? Heterogeneity of basal cells with respect to morphol-
ogy [3,19,20], topology [3,21], biochemica l markers [22], and 
kinetic behavior [5,21,23,24] is increasingly recognized. Do 
individual, unl abeled basal keratinocytes in vitro co rrespond to 
t he stem cells [2,23], slowly cycling cells [5,24], and/or post-
mitotic cells committed to te rminal differentiation [22] t hat 
have been described in vivo? 
Clusters of ["H]dThd-labeled and unl abeled basal cells have 
cha racteristic locations along t he rete ridges of monkey palm 
[3] as do t he slowly cycling, label-retaining cells in palatal 
epit helium [24]. Ridge-like structures a re formed by keratino-
cytes in culture [25,26] and, in many regions, t he location of 
labeled or unlabeled clusters appears to be unmistakably asso-
ciated with t he ridges. Yet we have been unable to establish a 
defined relationship between the ridging pattern of the epithe-
lium and the clustering pattern of t he labeled cells. Do the 
clusters in vitro reflect a dynamic process of sort ing-out along 
the basal lamina or a local synchronization of proliferative 
activity or inactivi ty? 
Traditional parameters of tissue kinetics which rely on a 
normalizing denominator, such as labeling index, mitotic index, 
and growth fraction , will be difficul t to interpret in confluent 
keratinocyte cultures until the nature of basal cell heterogeneit y 
is resolved. Nonetheless, relatively accurate and reproducible 
measurements of other kinetic parameters, such as population 
doubling time and t ransit time make confluent cultures useful 
for studying keratinocyte kinetics, as well as basal cell hetero-
geneity. 
We thank Dr. Sidney Klaus for provocative discussion and Jill 
Hurlburt for expert typing. 
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